Abstract: Reed canarygrass (Phalaris arundinacea L.) is a potential biomass crop for energy production but little is known on its optimum management in the northern areas of North America. We determined the effect of three harvest dates (late July, early September, and mid-October) in a one-cut system and four N fertilization (0, 40, 80, and 160 
Introduction
Reed canarygrass (Phalaris arundinacea L.), a high-yielding cool-season grass species recommended for forage production in northern areas of North America, is a potential perennial herbaceous biomass crop for energy production (Wrobel et al. 2009; Olmstead et al. 2013) . It has been shown to be more productive than switchgrass (Panicum virgatum L.) in northern areas and to grow well under poorly drained conditions (Wrobel et al. 2009 ). Reed canarygrass has been assessed as an energy crop in the USA (Nadeem Tahir 2011), the UK (Christian et al. 2006; Allison et al. 2012) , Sweden (Landström et al. 1996; Geber 2002) , Lithuania (Butkuté et al. 2014) , Estonia (Kukk et al. 2011; Heinsoo et al. 2011) , and Finland (Lehtomäki et al. 2008) . Perennial herbaceous crops, like reed canarygrass, can be used with several conversion systems, including biogas, cellulosic ethanol, and direct combustion. Requirements for feedstock quality and biomass composition will vary with the conversion system (Adler et al. 2006; Nassi o Di Nasso et al. 2010; Anderson et al. 2013; Liu et al. 2014) .
The use of reed canarygrass for methane production has been studied mostly in northern European countries (Geber 2002; Seppälä et al. 2009; Butkuté et al. 2014) . Our research group recently reported specific methane yields from reed canarygrass fertilized with different N application rates and harvested at different stages of development in a study conducted in eastern Canada (Massé et al. 2011) . Increased N fertilization reduced specific methane yield but increased methane yield per hectare, while delaying harvest resulted in decreased specific methane yield and methane yield per hectare. The current study is a continuation of Massé et al. (2011) and focuses on the crop biomass and silage characteristics of reed canarygrass.
The direct combustion of reed canarygrass is limited by its mineral concentration that can result in the corrosion and fouling of boilers, and increased emissions of organochlorine compounds (Wrobel et al. 2009 ). Delaying harvest of perennial herbaceous species is seen as an option to reduce the mineral composition and minimize the risks of problems with direct combustion (Adler et al. 2006; Hoagland et al. 2013; Sadeghpour et al. 2014 : Gouzaye et al. 2014 . Wrobel et al. (2009) suggest that the ideal harvest time for reed canarygrass used for ethanol production is at an advanced stage of development. Fertilization is also likely to affect the mineral composition. Fertilized giant reed (Arundo donax L.) had a lower ash concentration than the unfertilized crop (Nassi o Di Nasso 2010). Application of N increased the crop biomass Cl concentration of switchgrass (Hoagland et al. 2013) , but it reduced the ash concentration of 10 native warm-season grasses (Waramit et al. 2011) . In southern Iowa, however, N fertilization had no meaningful effect on the biofuel quality of switchgrass (Lemus et al. 2008 ).
Grasses are likely to be conserved as silage prior to their use in anaerobic digesters for methane production (Massé et al. 2011; Pakarinen et al. 2011; McEniry et al. 2014) and even for cellulosic ethanol production (Thomsen et al. 2008; Emery et al. 2015) . Although the ensiling potential of reed canarygrass harvested as a forage is relatively well known, very few studies have looked at its ensiling potential when harvested once late in the season. Several studies have been conducted on the effects of harvest date and N fertilization on the yield and quality of switchgrass but little information exists for reed canarygrass grown in northern agricultural areas of North America and used as an energy crop. Our objective was to determine the effects of harvest date and N fertilization on the crop biomass and silage characteristics of reed canarygrass used for energy production.
Materials and Methods
The experiment was conducted at the Soils and Crops Research and Development Centre of Agriculture and Agri-Food Canada at Lévis, QC, Canada (46°47'N; 71°07' W) on a Kamouraska clay soil with a pH of 6.2, 27.7 mg Mehlich-3 P kg −1 , and 159 mg Mehlich-3 K kg −1 . Reed canarygrass (cv. Bellevue) was seeded by hand on 12 June 2007 at a rate of 11 kg ha −1 , immediately followed by a light raking for seed incorporation and rolling with a Brillion seeder. In the seeding year of 2007, all experimental units were treated the same way. Nitrogen (40 kg N ha −1 ) was hand-applied prior to seeding and incorporated into the soil. Experimental treatments consisted of three harvest dates (late July, early September, and mid-October) and four N fertilizer rates (0, 40, 80, and 160 kg N ha −1 ) applied as calcium ammonium nitrate at the beginning of May of the first two post-seeding years (2008 and 2009) . Experimental treatments were arranged in a split-plot design with harvest dates as main plots and N fertilizer application rates as sub-plots and three replications. The sub-plot size was 1.8 m × 5.0 m. Phosphorus (30 kg P ha −1 in 2008 and 18 kg P ha −1 in 2009) and potassium (80 kg K ha −1 ) were also applied at the beginning of May. Harvest dates along with cumulative growing degree-days (basis of 5°C) and rainfall from 1 April are presented in Table 1 .
Crop biomass dry matter (DM) yield was determined by harvesting a 5.0 m × 0.9 m area in each plot at a 5-cm height using a self-propelled flail-type Carter ™ forage harvester (Carter MGF Co., Inc., Brookston, IN, USA). A fresh crop biomass sample of approximately 500 g was taken from each plot, weighed, and dried at 55°C in a forced-draft oven for 3 d for determination of DM concentration. Crop biomass samples were then ground using a Wiley mill (Standard model 3, Arthur H. Thomas Co., Philiadelphia, PA) fitted with a 1-mm screen and stored at room temperature before laboratory analyses.
The silage fabrication was previously described in Massé et al. (2011 from silage bags using a shop-grade vacuum cleaner. Silage bags were then sealed using plastic zip-ties. The buckets were hermetically covered with plastic lids. They were left at room temperature (20°C) for six weeks prior to opening and silage characterization. To reduce the costs associated with measurements of methane yield (Massé et al. 2011) , silage samples were only taken in plots with N fertilizer application rates of 40 and 160 kg N ha −1 .
Laboratory analyses Crop biomass
Crop biomass samples were analyzed for starch, sucrose, glucose, fructose, and fructans. Extraction and determination of soluble carbohydrates (SC) were performed according to Bertrand et al. (2007) . Briefly, SC were extracted from samples in deionised water heated at 65°C for 20 min and analyzed by high-performance liquid chromatography. Sucrose, glucose, and fructose were separated on a Waters Sugar-Pak column (Waters, Milford, MA, USA) eluted at 85°C with EDTA (Na + , Ca þ 2 , 50 mg L −1 ) and detected on a refractive index detector.
Peak identity and sugar concentration were determined by comparison to standards. High degree of polymerization (HDP) fructans were separated with a Shodex KS-804 column (Shodex, Tokyo, Japan), which was eluted isocratically at 25°C with deionized water at a flow of 1.0 mL min −1 . The degree of polymerization and abundance of fructans were obtained by comparison with standards. The non-soluble residues left over after the water extraction were washed twice with methanol and used for starch quantification as a glucose equivalent following enzymatic digestion with amyloglucosidase (Sigma A7255; Sigma-Aldrich Co., St. Louis, MO, USA) and colorimetric detection with the ρ-hydrobenzoic acid hydrazide method of Blakeney and Mutton (1980) . The concentration of SC was estimated by the sum of sucrose, glucose, and fructose, while the concentration of nonstructural (NSC) carbohydrates was calculated as the sum of SC, starch, and fructans. The concentration of neutral detergent fibre (NDF) was determined according to Mertens (2002) , and heatstable α-amylase and sodium sulphite were both added during extraction. Acid detergent fibre (ADF) was determined according to method 973.18 of the Association of Official Analytical Chemists (2005) . All extractions were done on an ANKOM220 Fibre Analyzer (ANKOM Technology, Macedon, NY, USA) using F57 filter bags (25-mm porosity), and NDF and ADF concentrations were expressed inclusive of residual ash. The in-vitro true digestibility of DM (IVTD) was measured using a 48 h rumen fluid incubation followed by an NDF determination of the post-digestion residues (Goering and Van Soest 1970) . The rumen fluid incubation was performed using the ANKOM filter bag system, an ANKOM Daisy II incubator, and the batch incubation procedures outlined by ANKOM Technology Corp. (Macedon, NY, USA). Rumen fluid was obtained from a lactating, ruminally fistulated dairy cow that was offered a diet of 78% good quality forages [35% grass silage, 26% corn (Zea mays L.) silage, and 17% hay], 18% grain, 3% protein supplements, and 1% minerals. The IVTD was calculated as follows:
(post-digestion dry weight following NDF wash)= pre-digestion dry weight)] × 1000.
The in-vitro NDF digestibility (NDFD) was calculated as follows:
(post-digestion dry weight following NDF wash)= pre-digestion dry weight of NDF)] × 1000.
Silage
Silage samples of 0.1 g were mineralized using a mixture of sulphuric and selenious acids (Isaac and Johnson 1976) , and N was quantified with an automated continuous-flow injection analyzer (Model QuikChem 8000, Lachat Instruments, Loveland, CO) using the method 13-107-06-2-D (Lachat Instruments 2011). Carbohydrate concentrations of the silage samples were determined using the method described above for crop biomass samples. Silage pH, total N, and NH 3 -N were analyzed according to Tremblay et al. (2001) . Acetate and lactate were extracted by mixing a 20-g silage sub-sample with 200 mL of distilled water for 2 min using a homogenizer (Kinematica model CH-6010, Kriens-Lu, Switzerland). The mixture was filtered through a Whatman #2 filter paper and the filtrate was then analyzed for acetate, other VFA, and lactate using a Dionex ion chromatograph (Dionex, model DX500, Sunnyvale, CA, USA) equipped with IonPac AS11-HC/AG11-HC columns. Analytes were eluted using a 1-60 mM sodium hydroxide gradient flowing at 1.5 mL min −1 , with suppressed conductivity (ASRS, AutoSuppression recycle mode, 300 mA), an injection volume of 10 μL, and a detection cell at 30°C (Dionex Corporation 2006).
Statistical analyses
The experimental design was a split-plot with harvest dates as main plots and N fertilizer application rates as sub-plots with three replications. Replications and years were considered random factors. Analyses of variance were done with the GENSTAT 14 statistical software package (VSN International 2011). Statistical significance was postulated at p ≤ 0.05. A principal component analysis (PCA) was performed on the means using the correlation matrix method to give equal weight to all attributes. This PCA was used to characterize the relationship between the crop biomass and silage chemical composition of reed canarygrass, grown under two rates of N fertilization and harvested on three dates, and specific methane yield previously published (Massé et al. 2011) from the same anaerobically digested reed canarygrass silage.
Results and Discussion
The maximum DM yield of reed canarygrass observed in our study (10.3 Mg ha −1 , data not shown) was close to that reported for switchgrass (11.5 Mg ha −1 ) grown in the same area (Bélanger et al. 2012) . In a study conducted in Nova Scotia with one cut taken in the fall, switchgrass outyielded reed canarygrass in the second post-seeding year but not in the third post-seeding year (Wile et al. 2014) . In a two cut-system, the DM yield of switchgrass was less than that of reed canarygrass in the first two post-seeding years in New Brunswick (Bolinder et al. 2002) . Although switchgrass and reed canarygrass were not compared directly, our results and those obtained in other studies conducted in eastern Canada suggest that the potential yield of reed canarygrass in the first two or three post-seeding years is close to that of switchgrass in areas with around 1700 growing degree-days (5°C basis) or less. Further research is required to determine the potential long-term yield of both species under the conditions of eastern Canada.
Harvest dates
The DM yield of reed canarygrass was maximal at the late July harvest and then decreased with later harvests (Table 2 ). The DM yield of reed canarygrass also decreased with a delayed harvest in the UK (Christian et al. 2006 ) but it increased in Estonia (Heinsoo et al. 2011) and Northern Sweden (Landström et al. 1996) , and was unchanged in southern Sweden (Landström et al. 1996) . To our knowledge, the current experiment is the first study in eastern Canada looking at the changes in DM yield of reed canarygrass in the context of biomass production with a single harvest as late as October. With switchgrass grown in the same area, maximum DM yield was reached in early September and then decreased in early October (Bélanger et al. 2012) . Our results suggest that delaying harvest of reed canarygrass after the end of July in eastern Canada is not beneficial in terms of DM yield. While switchgrass continues to grow and accumulate biomass until fall, reed canarygrass ceases to accumulate biomass during the summer and even loses some biomass, possibly due to leaf senescence.
The crop biomass NDF concentration was lower at the early September harvest than at the late July and midOctober harvests, while the crop biomass ADF concentration was greater at the mid-October harvest than at the late July and early September harvests ( Table 2 ). The crop biomass IVTD and NDFD decreased from the late July to the mid-October harvests (Table 2) . Decreased IVTD and NDFD with delayed harvests of reed canarygrass were reported in Sweden (Geber 2002) and Lithuania (Butkuté et al. 2014 ). This decrease in crop biomass IVTD and NDFD with delayed harvests from late July to early October was also observed in a study conducted with switchgrass in eastern Canada (Bélanger et al. 2012) . Decreases in digestibility with advancing maturity have been reported for several grass species and reasons for this decrease are well understood . Changes in crop biomass NDF and ADF concentrations of reed canarygrass with a delayed harvest in our study were relatively small (Table 2) . Similar results were observed with switchgrass grown in the same area (Bélanger et al. 2012) . Hence, the decrease in crop biomass IVTD was mostly due to a decrease in crop biomass NDFD rather than an increase in crop biomass NDF concentration. In a detailed study conducted in Texas, ADF and NDF concentrations of switchgrass increased linearly up to 800 to 1000 growing degree-days (5°C basis) and then stabilized, while lignin concentration continued to increase (Sanderson and Wolf 1995) . The crop biomass NDFD of reed canarygrass also declined with advancing maturity along with an increase in acid detergent lignin concentration in a study conducted in Lithuania (Butkuté et al. 2014 ). This suggests that growth and crop biomass NDF accumulation of reed canarygrass most likely stopped at the time of maximum DM yield in late July and that, subsequently, crop biomass NDFD decreased possibly because of lignification. Our results suggest that the crop biomass annual DM yield and NDFD of reed canarygrass would probably be greater with more than one cut in the same growing season.
Harvest dates generally affected the carbohydrate concentration of the reed canarygrass biomass and silage (Table 3 ). The crop biomass SC concentration was greater at the mid-October harvest than at the late July and early September harvests (Table 3 ). This greater crop biomass SC concentration at the mid-October harvest was due to a greater fructose concentration than at the late July and early September harvests and a greater sucrose concentration than at the early September harvest; glucose concentration was not affected by harvest dates (Table 4) . Starch concentration in crop biomass and silage was much lower than SC concentration, and it decreased with delayed harvesting (Table 3 ). The crop biomass HDP-fructan concentration was not affected by delayed harvesting but silage HDP-fructan concentration was less with the mid-October harvest than with the late July and early September harvests. The NSC concentration of the crop biomass, corresponding to the sum of SC, starch, and HDP-fructans, was not affected by harvest dates but the silage NSC concentration was less with the mid-October harvest than with the late July and early September harvests. The increase in SC concentration of reed canarygrass with a delayed harvest in the fall was previously observed in switchgrass (Bélanger et al. 2002) . Harvest dates significantly affected the mineral composition of reed canarygrass, except for Cl concentration (Table 5 ). The crop biomass N, P, K, and Mg concentrations were lower at the mid-October harvest than at the late July and early September harvests. The decrease in N concentration with delayed harvest is consistent with previous studies of warm-season grasses (Sanderson and Wolf 1995; Waramit et al. 2011) . Ash and Ca concentrations, however, were less at the late July harvest than at the early September and mid-October harvests. This result is contrary to several studies that have shown that ash concentration declined with advancing maturity in switchgrass (Sanderson and Wolf 1995) , other warm-season grasses (Waramit et al. 2011) , and reed canarygrass (Heinsoo et al. 2011) . The reasons for this increase in ash concentration with delayed harvest in our study requires further research.
Nitrogen Fertilization
Nitrogen fertilization strongly increased DM yield ( Table 2 ). The DM yield with no N applied was 54% of that with the application of 160 kg N ha −1 . Nitrogen fertilization is known to increase the yield of grasses, including reed canarygrass (Landström et al. 1996; Kukk et al. 2011; Allison et al. 2012 ) but it is not always the case (Wile et al. 2014) . The response of grasses to N fertilization varies with site, year, and season because of variations in the soil N supply and crop N requirements (Whitehead 1995) . Increasing N fertilization up to 80 kg N ha −1 increased crop biomass ADF and NDF concentrations, and decreased crop biomass IVTD and NDFD (Table 2) . Decreases in crop biomass IVTD and NDFD with increased N fertilization are most likely the result of increased growth and a concomitant decrease in the proportion of leaves in the crop biomass ). In the UK, N fertilization increased NDF, cellulose, and acid detergent lignin concentrations of reed canarygrass (Allison et al. 2012) . Increased N fertilization did not affect the crop biomass SC and starch concentrations but it reduced SC and starch concentrations of the silage (Table 3) . This effect on silage SC concentration was mostly due to a reduction in fructose concentration (Table 4 ). The HDPfructan and NSC concentrations were both reduced by increasing N fertilization. In timothy grown in eastern Canada, N fertilization decreased the SC concentration (Tremblay et al. 2005) .
Nitrogen fertilization significantly affected the mineral composition of reed canarygrass biomass, except for the ash concentration (Table 5 ). Increased N fertilization reduced the Cl, Mg, Ca, and P concentrations. Nitrogen and K concentrations in the crop biomass were lower with 40 and 80 kg N ha −1 than with no N applied and 160 kg N ha −1 . The lack of a response of ash concentration to N fertilization was also observed in reed canarygrass and switchgrass grown in Atlantic Canada (Wile et al. 2014 ) and in switchgrass grown in Iowa (Waramit et al. 2011 ).
Reed Canarygrass for Bioenergy Production
Ensiling of fresh crop materials has been shown as a useful pre-treatment method for methane production (Pakarinen et al. 2011 ) and ensiling of lignocellulosic materials has been found to be a promising and costeffective storage method for ethanol production from corn (Thomsen et al. 2008) . Harvest dates did not affect the pH, and concentrations of NH 3 -N, lactate, and acetate of the reed canarygrass silage (Table 6 ). Nitrogen fertilization did not affect the silage pH but it increased the concentrations of NH 3 -N, lactate, and acetate. The increase in NH 3 -N concentration with increased N fertilization is possibly related to the greater N concentration (Table 6) . A similar increase in silage NH 3 -N concentration with N fertilization was observed in timothy (Tremblay et al. 2005) . The significant interaction between harvest date and N fertilization indicates that this increase in N and NH 3 -N concentrations with increasing N fertilization occurred at the late July and early September harvests but not at the mid-October harvest (data not shown).
The pH values (3.9-4.1) of all silages (Table 6) were well below the maximum pH (4.6-4.8) recommended for this type of silage (350-400 mg DM g −1 FM) to inhibit the development of butyric acid bacteria. Silages with pH values ≤ 4.0 are effectively considered high quality silages (Dulphy and Demarquilly 1981; McDonald et al. 1991) . The NH 3 -N concentration in silages was less than the maximum threshold of 100 g NH 3 -N kg −1 total N usually considered normal in silage with good lactic fermentation (Oshima and McDonald 1978) . Lactate concentration in all silages was greater than the minimum threshold (30 g kg −1 DM) suggested by Dulphy and Demarquilly (1981) for good fermentation. Silages were also free of propionic acid and had very low concentrations of butyric acid (data not shown), which suggests that no undesirable butyric fermentation occurred. Our results confirm those obtained with switchgrass harvested on three dates in a study conducted in the same To reduce the costs associated with measurements of methane yield (Massé et al. 2011) , silage samples were only taken in plots with N fertilizer application rates of 40 and 160 kg N ha −1 .
area (Bélanger et al. 2012) . Soluble carbohydrate concentration in reed canarygrass was sufficient to ensure an excellent conservation as silage. Minimal carbohydrate losses during storage are essential for the economic production of ethanol from energy crops (Pakarinen et al. 2011) . Although the changes in carbohydrate concentration from the crop biomass to the silage were not statistically analyzed, it is interesting to note that the decrease in NSC concentration of reed canarygrass during the fermentation process was due mostly to a decrease in sucrose and HDP-fructan concentrations and, to a smaller extent, to a decrease in glucose concentration (Tables 3 and 4) . Fructose concentration, however, increased during the fermentation process. Decreases in carbohydrate concentrations during fermentation have been widely reported (McEniry et al. 2012) .
In a previous publication from the same study, we reported that delaying harvest and increasing N fertilization of reed canarygrass resulted in a decrease in specific methane yield from the anaerobically digested reed canarygrass silage (Massé et al. 2011) . A PCA analysis was performed to assess how variations in the crop biomass and silage characteristics of reed canarygrass, grown under two rates of N fertilization and harvested on three dates, were related to specific methane yield from the same anaerobically digested reed canarygrass silage (Fig. 1) . In the first component of the PCA, specific methane yield was positively correlated to crop biomass starch and NSC concentrations, and to NDFD and IVTD (Fig. 1 ). This first component was primarily driven by harvest dates, while the second component was mostly driven by N fertilization (Fig. 1) . Harvesting reed canarygrass in late July following a low N fertilization applied in the spring resulted in greater specific methane yield mostly because of greater NDFD and IVTD, and concentrations of NSC and starch. In an earlier study of the effect of harvest dates on switchgrass production, specific methane yields from anaerobically digested switchgrass silage also decreased with advancing stages of crop development (Massé et al. 2010) . Furthermore, high specific methane yield was correlated with low crop biomass fibre concentration and high DM digestibility. Along with other studies on switchgrass (Bélanger et al. 2012) , reed canarygrass (Butkuté et al. 2014) , and other grass species (McEniry and O'Kiely 2013), our results confirm that crops with greater digestibility have a greater potential for specific methane yield. Hence, delaying harvest of reed canarygrass after the end of July is not an interesting option for producing methane because both crop biomass DM yield and specific methane yield from silage would decrease. Our results also confirm that grass silage fermentation characteristics have little effect on specific methane yield (McEniry et al. 2014) .
The use of reed canarygrass for direct combustion requires low ash, N, K, and Cl concentrations in the crop biomass. The ash concentration of reed canarygrass in Fig. 1 ) and harvested on three dates (D1, late July; D2, early Sept.; D3, mid-Oct.) along with specific methane yield previously published (Massé et al. 2011 ) from the same anaerobically digested reed canarygrass silage. To reduce costs associated with measurements of methane yield, only plots with N fertilizer application rates of 40 and 160 kg N ha −1 were used.
First PC (56.9%) our study (103-118 g kg −1 DM) was well above the concentration of 30 g kg −1 DM required for effective combustion (Wrobel et al. 2009 ) and well above those reported for fall-harvested switchgrass in Pennsylvania (34 g kg −1 DM; Adler et al. 2006) and Iowa (55 g kg −1 DM; Waramit et al. 2011) . Furthermore, it was not affected by N fertilization but increased with later harvests (Table 5) . Silica was not measured in our study but it can constitute as much as 35% of the ash content of reed canarygrass (Burvall 1997) and can contribute to reduced combustion efficiency (Samson et al. 2005) . Decreased N, P, K and Cl concentrations were observed with a delayed harvest, while the Cl concentration decreased with increased N fertilization. These decreases in N, P, K, and Cl concentrations with delayed harvest would come with a significant decrease of 10% in DM yield. Therefore, delaying harvest of reed canarygrass after the end of July and N fertilization are not useful options to reduce the mineral composition and minimize the risks of problems with direct combustion in eastern Canada. Other strategies for decreasing the concentration of ash and other elements of reed canarygrass include leaving the crop in the field after cutting for leaching to occur or selecting cultivars with a high stem-to-leaf ratio (Wrobel et al. 2009 ).
Conclusions
Our results confirm the good yield and ensiling potential of reed canarygrass as an energy crop in the northern areas of North America with less than 1700 growing degree-days (5°C basis). Delaying harvest of reed canarygrass after the end of July reduced crop biomass DM yield, IVTD, and NDFD, and concentrations of N and K. Nitrogen fertilization increased crop biomass DM yield, and NDF and ADF concentrations, and decreased crop biomass IVTD and NDFD. Crop biomass ash concentration was not affected by N fertilization but increased with later harvest dates. Silage attributes (pH, and concentrations of lactate and NH 3 -N) indicated adequate fermentation of reed canarygrass, irrespective of harvest date and N fertilization.
